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The liver is a complex organ which performs many basic functions and metabolic activities including synthesis of plasma proteins, storage of glycogen, removal of toxins and metabolization of xenobiotics among others. When isolated, hepatocytes lose their surrounding microenvironement which comprises the extracellular matrix and the interaction with other hepatic cells such as sinusoidal endothelial cells, Kupffer cells, stellate cells, and resulting in a rapid loss of liver-specific functions. Many strategies have been used to obtain in vitro cultures which maintain these hepatocyte functions, including the use of extracellular matrices like Matrigel, collagen or liver derived basement membrane matrix
or cocultures with hepatic non-parenchymal cells [9] [10] [11] [12] . Most recently there has been an approach towards the use of synthetic biomaterials such as hydrogels, porous membranes or the potential utility of perfused bioreactors to assess these goals [13] [14] [15] [16] [17] .
We previously demonstrated the use of the self-assembling peptide hydrogel Puramatrix (RAD16-I, peptide sequence Ac- [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] nm in diameter, which highly mimics some features of the extracellular matrix. This scaffold has previously been shown to promote the differentiation of a liver progenitor cell line into hepatocyte-like spheroids [18] . In another study, it was used to entrap hippocampal neural cells [19] and, to enable osteogenic differentiation of mouse embryonic stem cells and mouse embryonic fibroblasts [20] . Moreover, we designed and characterized modified peptide scaffolds with biologically active peptide sequences in order to create instructive synthetic extracellular matrices [21] . 
RADARADARADARADA-CONH2, R argininge, A alanine, D aspartic acid) for certain tissue engineering applications. This synthetic and defined biomaterial is made of interweaving nanofibres
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In this work, we have used functionalized self-assembling peptide scaffolds to build a hepatocyte culture system based on the collagen sandwich configuration, considered today as the gold standard for primary hepatocyte culture in vitro [5, 7] (Fig. 2A) . (Fig. 2B) . A similar observation has (previously) been reported for primary hepatocytes in collagen sandwich cultures [24] [25] [26] .
Materials and methods
Hepatocyte isolation
SDS-electrophoresis and Western blotting
In all cases -including cultures with functionalized peptide hydrogels -hepatocytes became flattened, adopted an in vivo-like polygonal shape and by day 3 established extensive cell-cell contacts with a reorganization of bile canaliculi-like structures. To demonstrate the functionality of the intercellular biliary zones, the cultures were incubated in presence of FDA. We observed that they were capable of metabolizing and transporting the dye from the cytoplasm into the canaliculi-like structures, as demonstrated by fluorescence microscopy
Moreover, we wanted to assess gene expression analysis by means of quantitative PCR between freshly isolated hepatocytes and our culture systems (Fig. 3) . In addition, because matrix thickness might influence nutrient and oxygen transport, and therefore hepatocyte function, we studied gene expression in cultures with 1 mm and 0.5 mm gel heights [27] (Fig. 3) . Therefore, we decided to use the 0.
(see 'Materials and methods'). As metrics of hepatocyte differentiation, we examined albumin and © 2009 The Authors Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 1 Process of entrapping hepatocytes in a sandwich fashion. (A) First the collagen or peptide matrix is prepared as described in 'Materials and methods'. (B) Primary hepatocytes at a density of 65,000 cells/cm 2 are added onto the matrix. (C) After overnight incubation at 37ЊC, unattached cells are removed, and a second layer of collagen or peptide is added to the cells.
HNF4-␣, one hepatic metabolic enzyme, tyrosine aminotransferase (TAT) and MDR2 as a canalicular membrane marker transporter [28] on day 7. We observed that compared with the 1 mm hydrogel cultures, the use of the 0.5 mm collagen and peptide matrices resulted in a higher expression of all the genes studied, suggesting that mass transfer through the hydrogel is affected by the gel thickness
5-mmthick gels for the rest of experiments and we included the modified self-assembling peptide TAG ('Materials and methods').
Despite the down-regulation of most of the genes studied in the 1 mm gels relative to freshly isolated hepatocytes (Fig. 3A) , it can be observed that the gene expression profile was similar in the collagen and the peptide sandwiches. The functionalized peptide YIG-containing matrix exhibited the highest levels of gene expression for all genes studied (Fig. 3A) . Nevertheless, the gene expression for MDR2 remained strongly down-regulated as compared to freshly isolated hepatocytes over the entire culture period (Fig. 3A) . (Fig. 3B ).
Fig. 2 Hepatocyte sandwich cultures develop a compact parenchyma monolayer with visible bile canalicular-like structures. (A) Phase contrast microscopy images showing the morphology of primary rat hepatocytes in the (a) collagen, (b) RAD16-I, (c) YIG, (d) RGD and (e) TAG peptide sandwich cultures. (B) Bile canalicularlike structures in hepatocytes in the (a, e) RAD16-I, (b, f) YIG, (c, g) RAD and (d, h) TAG peptide scaffold cultures were visualized by incubating the cells with FDA (a-d) Phase contrast and (e-h) fluorescence images were taken at day 7 of culture.
The effect of peptide hydrogels on hepatocyte-specific functionality was evaluated and compared with the collagen sandwich system by assessing cell-specific albumin and urea secretion over the entire culture period. In all culture systems, the albumin secretory capacity gradually increased between culture days 3 and 7 and remained stable thereafter (Fig. 4A) . As shown by immunoblotting, albumin was expressed at a level that was similar in all hepatocyte cultures on days 7 and (Fig. 4B and C) .
Furthermore, urea present in the media (indicative of amino acid catabolism) was analysed (Fig. 5) . Under all culture conditions, the urea concentration slightly decreased between days 3 and 5 of culture and did not change thereafter (Fig. 5A) . Similar to albumin, levels of urea production were comparable in the collagen sandwich and peptide scaffold cultures (Fig. 5A) . Western blots analysis of the transcription factor HNF4-␣ demonstrated that it is expressed in all culture conditions (Fig. 5B) . However, compared to freshly isolated hepatocytes control, an additional band of higher molecular weight was detected in all culture conditions, suggesting that the in vitro system might be synthesizing an additional isoform also recognized by the antibody against-HNF4-␣. Additionally, we detected biotin-dependent carboxylases, which are enzymes highly expressed in liver [29] [30] [31] [29] [30] [31] . These enzymes, are involved in the oxidation of odd-chain fatty acids, catabolism of branched amino acids such as leucine, lipogenesis and gluconeogenesis, respectively [29] [30] [31] . Using an assay, based on biotin-avidin interaction, we were able to detect three biotin-dependent carboxylases also present in freshly isolated hepatocytes (Fig. 5C ). These enzymes were also present in all peptide hydrogel cultures, but interestingly, collagen sandwich cultures did not appear to express PPC (Fig. 5C ). [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . These findings are in concordance with a previous study using rat hepatocyte collagen sandwich cultures [32] . In some other cases, protein function is still unknown such as hypothetical protein Q4FZU2. Also, some other proteins such as ␣1-macroglobulin were found in a zone of lower molecular weight than expected, which could be due to proteolysis during the culture period (Table 1) .
Inducibility of CYP3A2 by DEX using rat hepatic culture models has previously been described [6, 50, 51] [3] [4] [5] . In this work we have used synthetic extracellular matrix analogues in order to recreate the most commonly used hepatocyte culture system in vitro, the collagen sandwich [3] [4] [5] . We suggest that the geometrical factor in combination with the use of an artificial extracellular matrix may provide the hepatocytes a unique microenvironment which might allow them to retain important liver-specific functions. In this study, all experiments were performed in parallel to collagen sandwich system, which is considered today as the gold standard for the culture of hepatocytes in vitro. [3] [4] [5] .
We have observed that in peptide cultures hepatocyte morphology appears to be polygonal and with a vast network of bile canalicular-like structures as it happens in collagen cultures ( Fig.  2A and B) . These canalicular-like structures proved to be functional by the fact that they can metabolize and transport FDA through them (Fig. 2B) , as it had been previously shown for collagen sandwich cultures [24, 25] (Fig 7A) , but it is induced significantly in both systems using DEX (Fig. 7B) 
